The endothelium physically separates blood from surrounding tissue and yet allows for the regulated passage of nutrients, waste, and leukocytes into and out of the circulation. Trans-endothelium flux occurs across endothelial cells (transcellular) and between endothelial cells (paracellular). Paracellular endothelial barrier function depends on the regulation of cell-cell junctions. Interestingly, a functional relationship between cell-cell junctions and cell-matrix adhesions has long been appreciated but the molecular mechanisms underpinning this relationship are not fully understood. Here we review the evidence that supports the notion that cell-matrix interactions contribute to the regulation of cell-cell junctions, focusing primarily on the important adherens junction protein VE-cadherin. In particular, we will discuss recent insights gained into how integrin signaling impacts VE-cadherin stability in adherens junctions and endothelial barrier function.
Introduction
The endothelium acts as a dynamically regulated barrier which facilitates the transport of protein, fluid and blood cells throughout the body. Endothelial cells (ECs) respond to extracellular cues to restrict or promote the passage of circulating components into the tissue. Dysregulation of this process contributes to many common human pathological conditions including ischemia, cancer, diabetes, and sepsis. 1, 2 The permeability of this barrier can be regulated through both transcellular and paracellular mechanisms. Whereas transcellular permeability is dependent on vesicular transport of molecules across endothelial cells, paracellular permeability is regulated by changes in endothelial cell-cell adhesion. Distinct adhesive structures physically couple adjacent ECs including tight junctions (TJs) and adherens junctions (AJs). 2 AJs are adhesive structures localized to the apical side of the endothelium and depend upon the function and stability of the adhesion molecule vascular endothelial cadherin (VE-cad). 3 In inflammatory or pathological conditions, stimuli such as TNF-α, VEGF, and thrombin induce reversible weakening of the endothelial barrier by promoting cytoskeletal rearrangement that leads to AJ dissociation and VE-cad internalization. 4 Considering that endothelial barrier function is responsive to a wide variety of biochemical and mechanical inputs, its regulation is, unsurprisingly, complex. One example of this complexity is the relationship between cell-matrix adhesions and cell-cell adhesions. 5 Endothelial cells are anchored basally to the basement membrane, a sheet of extracellular matrix rich in laminin and collagen IV, primarily through integrin adhesion complexes commonly referred to as focal adhesions (FAs). 6 The crossregulation between AJs and FAs that contributes to endothelial cell adhesion and signaling has been discussed in several excellent reviews. 5, 7, 8 Here, we will focus on the results of several recent studies that have highlighted how integrins contribute to the maintenance of AJs and vascular barrier function.
Adherens junctions regulation of the vascular barrier
Homophilic interactions between VE-cad expressed on adjacent ECs maintain vascular permeability. 9,10 VE-cad is stabilized at junctions through its interaction with p120 catenin (p120) and is tethered to the actin cytoskeleton through an interaction with the catenin complex. [11] [12] [13] [14] actin-bound α-catenin, directly binds the cytoplasmic tail of VE-cad 15, 16 conferring mechanosensitivity of AJs to cytoskeletal perturbations 17, 18 (Figure 1 ). The catenin/actin linkage of VE-cad also acts as a local signaling hub for small GTPases which coordinate the stability of junctional cadherin complexes by regulating the stability of cortical actin stress fibers. 32 The requirement of VE-cad stabilization in adherens junctions was eloquently demonstrated in vivo by generating mice expressing a VE-cad/α-catenin fusion protein which is retained and resistant to endocytosis from junctions. 28 Mice expressing this VE-cad/αcatenin fusion protein were resistant to leukocyte extravasation in some tissues and agonist-induced models of hyperpermeability. We will briefly highlight the distinct mechanisms which promote hyperpermeability in disease states and their ultimate convergence in regulating the stability of junctional VE-cad.
In conditions that promote vascular permeability, AJs become destabilized, disassembled and VE-cad is endocytosed through a number of distinct mechanisms. In many cancers, increased permeability is triggered by the secretion of soluble vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and other pro-angiogenic factors. In a well-described process, VEGF binds to vascular endothelial growth factor 2 (VEGFR2) which leads to Src-dependent PAK-mediated phosphorylation of VE-cad at Ser665. VE-cad phosphorylation at Ser665 and Tyr685 is followed by β-arrestin2 binding which induces clathrin-dependent endocytosis of VEcad. 33, 34 This pathway promotes cell migration, cytoskeletal rearrangement, and AJ disassembly. Pro-inflammatory molecules present in conditions of chronic inflammation or sepsis such as TNF-α and LPS can also promote endothelial permeability. Treatment of ECs in vitro with TNF-α generates tensile structures termed focal adherens junctions (FAJs) due to increased cell contraction. 35 Secreted TNF-α is known to promote Fyn kinase-dependent phosphorylation of VE-cad cytoplasmic tail and VEcad internalization which impairs pulmonary EC barrier function in vitro. 36, 37 Junctional disassembly induced by VEGF and TNF-α signal through independent pathways which converge at Src-family kinase-dependent VE-cad phosphorylation. Therefore, phosphatases like vascular endothelial protein tyrosine phosphatase (VE-PTP) play a critical role in maintaining junctional VE-cad 38 as its interaction with VE-cad stabilizes junctional cadherin pools in resting and inflammatory states. 39, 40 The disassembly of cell-cell junctions in both pro- Cytoplasmic talin is thought to be adopt an auto-inhibited confirmation that precludes talin binding to integrin. [19] [20] [21] [22] (2) Binding of talin to the integrin β integrin cytoplasmic domain induces a conformational change in the integrin associated with increased integrin ligand binding, activation. [23] [24] [25] [26] [27] (3) Ligated integrins cluster and promote the recruitment of adapter, signaling, and actinbinding proteins including talin and vinculin. 25 Adherens junctions comprised principally of VE-cadherin mediate cell-cell adhesion and endothelial barrier function. VE-cadherin is linked indirectly to the actin cytoskeleton by binding to β-catenin that in turn binds to the actin-binding protein, α-catenin. 2, 4, 9, 28, 29 Notably, both integrin and cadherin adhesion complexes share important components, including vinculin, that function to link these complexes to the actin cytoskeleton. Integrins themselves have been observed at the EC junctions 30, 31 but the significance of this observation is unclear.
angiogenic and inflammatory contexts are coupled with the reorganization of the actin cytoskeleton. In resting states, a delicate tensional balance at cell-cell junctions permit the formation of linear AJs connected to circumferential actin that are regulated by small GTPases such as Rap1, 41, 42 Rac, 33, 43, 44 and Rho. 45, 46 Agonist-induced cell contraction increases tension at AJs and leads to the formation of zipperlike AJs. Collectively, these data highlight the importance of VE-Cadherin stabilization at cell-cell contacts as well as the regulation of cell-cell tension in maintaining linear AJ organization in resting conditions.
Integrins signaling in ECs
Integrins are transmembrane adhesion receptors expressed on the surface of most mammalian cell types. Integrin subunits function as heterodimers consisting of one of 18 αand one of the eight β-subunits which dictate ligand specificity. 6 The most wellstudied integrin classes in ECs engage ECM components by binding directly to collagen (α1β1, α2β1), fibronectin (α5β1, α4β1, αvβ3), vitronectin (αvβ3, avβ5) and laminin (α3β1, α6β1). 47 In addition to functioning as important adhesion receptors, integrins are bi-directional signaling hubs involved in numerous fundamental cellular processes including cell migration, survival, and proliferation. On one hand, integrin affinity is regulated through so-called "inside-out" integrin signaling (integrin activation) 48 whereby extracellular signals are transduced into the cell through cell-surface receptors (e.g. receptor tyrosine kinases, G-protein-coupled receptors) that in turn ultimately lead to the binding of cytoplasmic, integrin activating proteins such as talin 23, 24, 49 and kindlin 50 to the β-integrin cytoplasmic tail ( Figure  1 ). On the other hand, integrin "outside-in" signaling occurs in response to integrin binding extracellular ligands and subsequent activation of cytoplasmic signaling pathways important for the maturation of adhesion complexes 6, 25 (Figure 1 ). For example, outside-in integrin signaling leads to the recruitment of actin-binding proteins (e.g. talin, vinculin, α-actinin, tensin, filamin) and adaptor proteins (of which there are more than 40) that either directly or indirectly link integrin to the actin cytoskeleton. 51 In addition, in response to ligand binding, tyrosine phosphorylation of the β integrin cytoplasmic tail recruits adaptor proteins and non-receptor tyrosine kinases. In this way, integrins serve as a hub for signaling pathways essential to diverse and fundamental cellular functions including PI3K and MAPK. 6 Integrins can also activate Ras and Rho family small GTPases that profoundly impact cytoskeletal organization and dynamics. Cytoskeletal reorganization requires the disassembly and reassembly of integrin adhesion complexes, processes that are regulated spatially and temporally by complex and context-dependent signaling events. 52, 53 The role of integrins and their subunitspecific requirements during embryogenesis and postnatal angiogenesis have been described previously in detail. [54] [55] [56] However, new details on the distinct roles of β1 integrin and β3/β5 integrins in regulating the endothelial barrier have recently begun to be elucidated.
Requirements of β3 and β5 integrins in EC barrier function
Although the requirement of β3 integrin in developmental and postnatal angiogenesis has been well-studied, [57] [58] [59] [60] considerably less is known about the function of β3 integrin in EC barrier function. Early evidence indicated that the deletion of β3 in mice resulted in increased VEGF and LPSinduced Evan's Blue leakage in dermal and lung/ intestinal vessels, respectively, 61 whereas baseline permeability appeared similar relative to control littermates. Eloquent studies by Su et al. 62 showed that the permeability-inducing effects of VEGF, TGF-β and thrombin on pulmonary ECs were exacerbated by pre-treatment with αvβ3 blocking antibodies consistent with the notion that β3 integrin promotes EC barrier. Furthermore, treating HUVECs with the barrier-enhancing agent sphingosine 1-phosphate promoted αvβ3 localization to cell-cell contacts and sites of cortical actin and this was inhibited by pre-treatment with an αvβ3 function-blocking antibody. Interestingly, activation of αvβ3 with low doses of the cyclic RGD peptide, cilengitide, reduced HUVEC monolayer permeability likely by promoting Src kinasemediated phosphorylation of VE-cad at Y731 and Y658 thereby promoting the internalization of VEcad. 63 The mechanism(s) underlying these observed effects of cilengitide on HUVEC barrier function are unclear but could include indirectly inhibiting β1 integrin through trans-dominant inhibition. 63, 64 Interestingly, the role of αvβ5 in response to sepsis-induced leak contrasts with the barrier-protective role of αvβ3 in LPS-induced leak. Antibody blockade of HUVEC αvβ5 attenuated LPS-induced barrier dysfunction in vitro while β5 knockout mice exhibit increased survival in a cecal ligation model of sepsis relative to WT mice. 65 It was proposed that blockade of β5 integrin mitigates the induction of cytoskeletal contraction in these contexts thereby stabilizing cell-cell junctions. As β5 integrin was deleted globally in the mice used in this study, the relative contributions of β5 integrin in ECs versus other cell types remains an open question. Collectively, these data point to important, and likely distinct, roles for β3 and β5 integrin in regulating the endothelial barrier in physiological and pathophysiological conditions.
Role of β1 integrins in EC barrier function
A role of β1 integrins in endothelial barrier function was first discovered when antibodies specific to α5β1 integrin revealed a localization pattern of this receptor at cell-cell junctions in addition to its well-described localization to FAs. 30 In contrast, cell-cell junction localization of αvβ3 integrin was not observed. Furthermore, antibody blockade of α5β1, but not αvβ3, impaired monolayer permeability in vitro. A recent study by Yamamoto et al. demonstrated that EC-specific deletion of β1 integrin during postnatal development promoted VE-cadherin internalization and cell-cell junction disassembly. 66 These investigators convincingly demonstrated that junctional disassembly in β1 integrin-deficient ECs was due to reduced Rap1/ MRCK and Rho/Rho-kinase activity that impaired VE-cad trafficking to cell-cell junctions. Intriguingly, work by Hakanpaa et al. showed that the deletion of a single β1 integrin allele in ECs of established blood vessels did not alter basal permeability but rather protected β1 EC heterozygous mice from LPS-induced hyperpermeability compared to wild type littermates. 67 Furthermore, pharmacological inhibition of β1 integrin also mitigated LPS-induced tracheal permeability. Prior to LPS treatment, wildtype mice were prophylactically administered either a β1 blocking antibody (HMβ1-1) or an isotype nonimmune IgG control with the former group showing reduced levels of FITC-dextran extravasation relative to control. 67 It was therefore proposed that in quiescent endothelium β1 integrin predominantly localizes to FAs whereas inflammatory molecules acting in an angiopoietin-2-dependent manner induce β1 integrin association with tensin at fibrillar adhesions. β1 integrin-positive fibrillar adhesions in turn promote cytoskeletal tension that alters cell-cell junctions and increases vascular permeability. Interestingly, deletion of talin1 (Tln1), a key modulator of integrin activation, in the ECs of established vessels induced intestinal vascular leak, cell-cell junction disassembly and lethality 16-21 days after Tln1 deletion. 31 Loss of EC Tln1 reduced β1 integrin activation and cell-cell junctions of tln1-depleted ECs displayed significant VE-cadherin disorganization. Deletion of tln1 in vitro resulted in reduced monolayer barrier function measured by electrical cell-substrate impedance sensing (ECIS). Changes in junctional integrity were in part due to increased cytoskeletal contraction in response to increased Rho/MLC activity in talin-deficient cells. These changes in junctional organization and diminished barrier function in talin-depleted ECs were rescued by antibody-mediated β1 integrin activation and phenocopied when ECs were treated with β1 integrin blocking antibody. Together, the results above point to an important role of β1 integrin in maintaining vascular permeability in both quiescent and pathological states. These findings collectively implicate the importance of β1 integrin activation in maintaining junctional integrity but it is likely that the absence of EC talin in established vessels inhibits the activation of integrin subclasses in addition to β1 that may be required for intestinal microvascular stability.
Integrin adhesion signaling-dependent regulation of barrier function
All aspects of integrin function depend on interactions with cytoplasmic adaptor proteins. Therefore, important insights into the role of integrins in EC barrier function can be gleaned from studies focused on integrin-associated proteins and protein complexes. Integrin adhesion promotes the activation of focal adhesion kinase (FAK), a non-receptor tyrosine kinase that also functions as an important signaling hub required for FA maturation and disassembly during cell migration. [68] [69] [70] Chen and colleagues discovered that inducible EC-specific FAK deletion or expression of a kinase-dead mutant FAK inhibited VEGF-induced dermal permeability. 71 This study determined that VEGF treatment promoted the localization of FAK to cell-cell junctions where it interacts with VE-Cad to phosphorylate β-catenin thus promoting junctional disassembly. Recent work exploring the role of kindlin2, a β-integrin interacting protein implicated in integrin bidirectional signaling, 72 revealed a similar interaction with β and γ-catenin that is necessary for the maintenance of the vascular barrier in tracheal vessels. 73 Mice heterozygous for kindlin-2 exhibited exacerbated leak and disassembly of cell-cell junctions in response to LPS relative to WT littermates. It is important to note that the interaction of kindlin-2 with the catenin-complex occurs through a different FERM subdomain than those required for its interaction with the β-integrin tail. Indeed, kindlin2 mutations that disrupt integrin interactions did not alter endothelial barrier function in vitro. 73 Consistent with these observations, kindlin2 biotin proximity labeling indicated that kindlin2 may interact with proteins in epithelial cell-cell junctions and observed kindlin2 localized to the junctions of MDCK cells. 74 Another important regulator of EC integrin activation is the small GTPase Rap1, specifically the isoforms Rap1A/B. 75 Lakshmikanthan et al. reported that ECs lacking Rap1B exhibit reduced integrin activation and reduced VEGF-VEGFR2 signaling. Specifically, the ablation of Rap1B reduced αvβ3 integrinmediated co-activation of VEGFR2 signaling. 76 Recent work from this group revealed that while Rap1B is the predominant isoform required for angiogenesis, Rap1B and Rap1A have distinct roles in normal barrier maintenance and agonistinduced hyperpermeability. 77 Deletion of EC Rap1A, but not Rap1B, reduced basal permeability in lung vasculature, while EC-specific ablation of Rap1B attenuated vessel leak in a VEGF-induced model of hyperpermeability. Curiously, deletion of either isoform increased lethality in an LPSinduced sepsis model relative to vehicle-treated mice. These findings will require future studies to determine the context-specific roles of Rap1 (proangiogenic vs. pro-inflammatory vs. homeostatic barrier maintenance) and to establish to what extent Rap1 function in EC barrier regulation is integrin-dependent.
Future considerations
Integrins are attractive therapeutic targets particularly in hematopoietic cells. 78 A better understanding of the mechanisms underlying integrin signaling in the maintenance and regulation of vascular permeability may reveal opportunities for pharmacological intervention in a number of human diseases. We conclude by highlighting fundamental topics that should be considered in future endeavors. First, does the repertoire of integrin expressed in particular endothelium differ in a) specific organs, b) blood vessel types (arteries/veins/capillaries), c) endothelium types (continuous, sinusoidal and fenestrated)? If so, what is the functional significance of these specifications? Second, as discussed above, our lab has reported that regulation of integrin affinity modulation (integrin activation) contributes to the regulation of endothelial barrier function in vitro. Is endothelial cell integrin activation important in vivo? Finally, examining the role of integrin expression and signaling in the context of vascular inflammation will be an important area of investigation going forward.
As vascular organization and function are organspecific, 79, 80 it is likely that endothelial integrins may also have organ-specific roles in regulating the vascular barrier. An example of this can be found in recent work by Bix and colleagues in which they induced deletion of EC α5 integrin, which has been previously shown to have no effect on established vessels, to find that mice lacking α5 integrin in endothelium were resistant to experimental ischemic stroke. 81 EC α5 knockout mice exhibited a less permeable bloodbrain-barrier in response to stroke as measured by dye extravasation into cerebral tissue. Similarly, studies examining the roles of β1, β3 and β5 integrins in barrier function described above appear to have specificity, as noted, for intestinal, dermal and lung vascular barrier function. An additional level of vascular specification can be found in capillary endothelium in different organs: [82] [83] [84] continuous (brain, lung), fenestrated (intestinal, endocrine organs) 85 and sinusoidal (liver). Continuous endothelium in the brain is required for the tight barrier of the BBB whereas fenestrated endothelium in the intestine or sinusoidal endothelium in the liver accommodate the passage of blood cells and circulating components into interstitial tissues. A more recent example of vascular-bed specific barrier regulation is also observed in the blood-testis-barrier wherein Rap1 has been implicated in the regulation of this barrier. 86, 87 Given the spectrum of barrier tightness in these contexts, it is not surprising that integrin function may differ in specific types of endothelium.
The mechanisms underlying how integrins and integrin-associated proteins (talin, kindlin2, Rap1) modulate EC barrier function are yet to be clearly defined. Clearly, each of these proteins can function at cell-ECM adhesion complexes to alter cytoskeleton dynamics and intracellular tension that can then impact VE-cadherin organization, stability, and function in adherens junctions 32, 35, 88, 89 (Figure 1 ). Alternatively, integrins or these integrin-associated proteins may function at the cell-cell junction to more directly impact VE-cadherin. Of course, these two concepts are not mutually exclusive and going forward it will be interesting to delineate the relative contribution of these pathways on EC barrier function. In addition, questions remain regarding how different integrin heterodimer classes (αxβ1, αvβ3, αvβ5) contribute to the regulation of the endothelial barrier. For example, whereas inhibition of β1 integrin appears to protect against LPS-induced vascular leak, shRNA-mediated deletion of α5 integrin in thrombin-stimulated cells phenocopied β1 integrin deletion in these cells whereas prophylactic treatment of mice with anti-α4 integrin antibody in the LPS-model of hyperpermeability does not mirror the protective effects seen in β1-heterozygous mice/β1 integrin blocking antibody. 67 Collectively, this suggests specificity for α5β1 integrin in this context whereas α4β1 appears to be dispensable in regulation of the barrier in response to LPS. However, it may also be important to differentiate between integrin activation and integrin expression in regulation of the barrier. Indeed, EC-tln1 knockout mice in which EC β1 integrin activation is impaired, but express normal levels of EC β1 integrin surface protein, exhibit pathological leak in the intestinal microvasculature. It is therefore likely that integrin activation must be finely tuned in certain physiological and pathological contexts, a hypothesis that should be explored in future investigations. 
